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Theory of Fano resonance in single molecule electroluminescence induced by a
scanning tunneling microscope
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School of Physics and Wuhan National High Magnetic Field Center,
Huazhong University of Science and Technology, 430074 Wuhan, P. R. China
The coupling between molecular exciton and gap plasmons plays a key role in single molecular
electroluminescence induced by a scanning tunneling microscope (STM). But it has been difficult to
clarify the complex experimental phenomena. By employing the nonequilibrium Green’s function
method, we propose a general theoretical model to understand the light emission spectrum from
single molecule and gap plasmons from an energy transport point of view. The coherent interaction
between gap plasmons and molecular exciton leads to a prominent Fano resonance in the emission
spectrum. We analyze the dependence of the Fano line shape on the system parameters, based
on which we provide a unified account of several recent experimental observations. Moreover, we
highlight the effect of the tip-molecule electronic coupling on the spectrum, which has hitherto not
been considered.
I. INTRODUCTION
Recently, single molecular electroluminescence (EL)
induced by the inelastic electron tunneling from a scan-
ning tunneling microscope (STM) has attracted a lot
of attention, yielding many fascinating physics and po-
tential applications[1–8]. In such STM-induced lumines-
cence (STML) experiments, light emission from gap plas-
mon modes is a common process[9–15], which in turn can
dominate, accompany, or influence the luminescence of
single molecules positioned nearby STM tip[3, 4, 16, 17].
The resulting coupling between the molecular exciton
and gap plasmons is of interest because it contributes to
the study of fundamental quantum phenomena, including
coherent energy transfer, cavity quantum electrodynam-
ics, and entanglement[18].
The importance of coherent interaction between molec-
ular exciton and gap plasmons in STML has been re-
vealed in recent experiments[19–32], through, for ex-
ample, prominent Fano[33] line shapes in the emission
spectrum. Its possible applications in single molecule
detection[29–31], single photon generation[34] have been
envisioned. Although these experiments show the im-
portant role played by the coherent interaction between
molecular exciton and gap plasmons, a systematic theo-
retical model to account for all these experimental results
is so far lacking. Revealing the connection between the
line shape and the system parameters is important for
further development and application of this technique.
Here, we propose a general theoretical model that is
able to account for all these experimental results. We
first demonstrate the coherent optical coupling between
molecular exciton and gap plasmons leads to a pro-
nounced Fano resonance, whose line shape depends sen-
sitively on the system parameters. Using experimentally
based parameters, the simulated spectrum shows quan-
titative agreement with the experimental results. This is
an essential step to predict or control the dynamic energy
transfer process in STML experiments.
II. MODEL AND THEORY
We consider a model system schematically shown in
Fig. 1 (a). The voltage bias applied between the tip and
the substrate generates a flowing electrical current be-
tween them, which is used to excite the localized gap
plasmons. A single molecule is represented by two elec-
tronic states l and h, representing the lowest unoccupied
molecular orbital (LUMO) and highest occupied molec-
ular orbital (HOMO), respectively. If the molecule is
present underneath the STM tip, under certain bias, a
molecular exciton may also be created by the electrical
current, i.e., injecting an electron to the LUMO and a
hole to the HOMO orbital. If the molecule is not far
away from the tip, the molecular exciton can be created
by the gap plasmons, given its much wider frequency and
larger spatial distribution. This requires a direct coupling
between the gap plasmons and the molecular exciton.
We model the gap plasmon using a photon field with
angular frequency ωp. In reality, there could be several
modes with similar frequencies. Similarly, we model the
molecular exciton using a photon field with angular fre-
quency ω0. The two photon fields couple to each other
through the parameter tp(x), which depends on the tip-
molecule distance x.
To study the energy transfer between the electron and
photon fields, we use an effective model shown in Fig. 1
(b). The biased electronic system acts as an effective
nonequilibrium energy bath, which supplies energy to the
gap plasmons and the molecular exciton. The energy
absorbed by the photon fields is either dissipated into the
environment or radiated to the free space. The radiation
then goes to the detector.
Energy transport for this effective model can be stud-
ied using the nonequilibrium Green’s function (NEGF)
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FIG. 1. (a) Schematic picture of the experimental setup in STM induced light emission and single molecule luminescence. (b)
Effective model to study the energy transfer in the experimental setup in (a). The nonequilibrium electronic bath includes
the STM tip, the substrate and the single molecule under certain voltage bias. The gap plasmon is represented by a photon
mode with angular frequency ωp, while the molecular exciton by a mode with frequency ω0. There is a direct coupling whose
magnitude depends on the relative position of the STM tip and the molecule x (see (a)). The emitted light is collected by the
photon detector. There are also non-radiative channels into which the two photon modes can dissipate their energy, represented
by the environment.
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FIG. 2. The energy detuning ∆p0 dependence of flux with
tp(x) = 0.013 eV, the red lines represent the spectrum of gap
plasmon mode. The other parameters are the same as in Fig.
3 (II), and keep fixed.
method[35–38]. The frequency-resolved energy flux go-
ing into bath α is written as
Iα(ω) =
ω
2π
Tr
[
Π<α (ω)D
>(ω)−Π>α (ω)D
<(ω)
]
. (1)
Here, D> (D<) is the greater (less) Green’s function of
the photon fields, Π>α (Π
<
α ) is the corresponding self-
energy due to coupling to bath α. We have consid-
ered three kinds of baths: (1) the nonequilibrium elec-
tronic system which supplies the energy, thus Iel < 0;
(2) the photon detector which collects the radiation and
corresponds to the measured photon flux; (3) the non-
radiative environment into which the non-radiative en-
ergy goes. The two terms in Eq. (1) correspond to
energy flowing into and out of the bath, respectively.
The Green’s functions and self-energies in Eq. (1) are
solved within the self-consistent Born approximation
(SCBA)[37, 39–41]. The photon flux can then be cal-
culated from them. The details of the method can be
found in the Appendices A and B.
III. RESULTS AND DISCUSSIONS
A. Important parameters
The advantage of the effective model is that, we sepa-
rate the electronic part of the whole system from the pho-
tonic part. All the electronic part, including the STM tip,
molecule and substrate, is modeled as a nonequilibrium
energy bath. The most important feature of the nonequi-
librium bath is that, the width of its energy spectrum is
determined by the applied bias |eV |, i.e., the bath can
not excite photon mode whose energy is larger than the
applied bias ω > |eV |. It enters into our theory through
the self-energy Πel, on which the Green’s functions D
>
and D< in Eq. (1) depend. Meanwhile, the line shape of
the spectrum is mainly determined by the two parame-
ters describing the photon modes, which we consider in
the following.
The first important parameter that determines the line
shape is the detuning ∆p0 = ωp − ω0. In the experi-
ment, the resonant frequency of gap plasmon ωp can be
tuned by adjusting the tip shape, or modifying the di-
electric properties of the substrate, i.e., introducing di-
electric layers. Figure 2 displays the evolution of the
spectrum with different values of energy detuning ∆p0.
We note that the strong energy detuning dependence of
the Fano line shape is in agreement with experimental
findings [29, 30, 42] and can be fitted by a simple model
detailed in Appendix C [Eq. (C10) or (C11)], where the
magnitude of the Fano q factor is mainly determined by
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FIG. 3. The photon energy flux calculated as the tip is: (I) apart from the molecule, (II) slight aside from the molecule so
that there is a coupling between gap plasmon and the molecular exciton, but no direct electronic coupling between the tip and
the molecule, (III) located on top of the molecule, so that there is direct electronic coupling between the tip and the molecule.
The separate contributions from the plasmon and the molecular exciton are shown as dotted lines, while the sum of the two is
shown as red solid line.
the detuning q ∝ −∆p0.
The second parameter is the coupling between the gap
plasmon and the molecular exciton tp(x), determined by
the relative position of the tip and the molecule (x), ac-
cording to which, we can define three regimes. They cor-
respond to the tip apart from (I), slight aside from (II)
and located on top of the molecule (III), respectively.
The energy flux spectrum of different situations is plot-
ted in Fig. 3[43]. In case I, a broadband emission in the
STML spectra can be observed in Fig. 3 (I). This is from
the radiative decay of the gap plasmon, while the molec-
ular exciton does not participate to the transport. The
other two cases are more interesting, which we focus in
the following.
In case II, the interaction between the molecular ex-
citon and the gap plasmon occurs, which results in co-
herent energy transfer between them. This interaction
generates a sharp dip in the broadband emission spectra,
as shown in Fig. 3 (II). The resulting asymmetric line-
shape is a signature of the Fano resonance. Essentially,
the single molecule only couples to the substrate in this
case, no tunneling electrons excite the single molecule
directly. But it can be excited by the gap plasmon indi-
rectly. Also shown in the figure are the separate contri-
butions of the flux from the gap plasmon and the molec-
ular exciton. The spectrum of the molecular exciton is a
normal Lorentzian-like peak, while that of the plasmon
shows the typical Fano line shape and contributes domi-
nantly to the total spectrum. In case III, the molecule is
underneath the STM tip. Both optical fields can be ex-
cited directly by the tunneling electrons. Their coherent
interaction results in a Fano-shaped emission spectrum
shown in Fig. 3 (III). In this case, a sharp peak instead
of dip is observed. The signature of the molecular exciton
becomes dominant, in contrast to case (II). In Appendix
C, through a simple model, we show that the asymmetric
line shapes originate from the Fano interference between
the two photon fields.
We now apply our theory to consider three recent ex-
periments. We show that they fall into one of the above
discussed three regimes. In the first experiment, the
molecule is attached to the metallic electrodes (tip and
substrate) through molecular linkers[42], corresponding
to case III. In the other two, the molecule lies on thin
insulating layer deposited on the metal substrate[29, 30].
The relative position of the tip and molecule can be ad-
justed to cover all the three regimes.
B. A suspended molecular wire
STM-induced narrow-line emission from a single
molecular emitter (H2P) connected to the tip and the
substrate through oligothiophene linkers was reported
in Ref. 42. The light spectra exhibits an asymmet-
ric line shape in broad background, with the peak po-
sition closely associated with the emission energy of the
fused H2P molecule. The oligothiophene wires decouple
the H2P emitter from the substrate and the tip. The
length of the linker can be adjusted by lifting the STM
tip away from the substrate. Therefore, the distance
between tip and substrate plays a key role in achieving
molecular luminescence. Here we simulate the evolution
of tip-substrate distance by adjusting the non-radiative
decay parameter γ0e of the photon field ω0 while keeping
all other parameters fixed.
Figure 4(a) plots the emission spectrum (photon en-
ergy flux versus frequency/energy ω) for several values
of γ0e (proportional to the lifetime of the molecular ex-
cited state-LMES). For the short distance case, i.e., the
most part of the molecular linker is adsorbed on the sub-
strate, it is difficult to observe a well-defined fluorescence
from the molecular emitter because of the quenching of
molecular luminescence, i.e., the LMES is very short. In
this case, the spectrum observed is similar to most STM-
induced light emission experiments, showing a broad gap
plasmon spectra [see γ0e = 100 meV in Fig. 4(a)]. With
increased tip-substrate distance, the non-radiative decay
4becomes smaller. This results in an increased LMES. EL
from the molecule can then be observed as a peak in the
spectrum. The intensity of the peak becomes stronger
with further decoupling from the substrate. This is sim-
ilar to the case (III) in Fig. 3.
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FIG. 4. (a) The photon energy flux for different values of the
non-radiative damping γ0e with other parameters fixed. The
red line represents the spectrum of gap plasmon for Vst =
−3 V. Other parameters are: εa1 = 0.16 eV, εa2 = 1.0 eV,
εh = 1.5 eV, εl = 3.01 eV, t12 = 0.2 eV, Γae = 0.2 eV,
Γms = 0.0, tma1 = 0.2 eV, tma2 = 0.2 eV, ω0 = 1.51 eV, ωp =
1.41 eV, m0 = 0.01 eV, mp = 0.003 eV, tp(x) = 0.022 eV,
γpe = 0.25 eV, γd0 = 1 × 10
−5 eV, γdp = 0.008 eV, T =
4.5 K, Vst = 1.6 V. (b) The photon emission spectrum for
different values of tp(x) without tip-molecule coupling (black
lines), and for different values of tip-molecule coupling tma1
when tp(x) = 15 meV. Other parameters are the same with
Fig. 3 (II). (c) Similar to (b), with different parameters ω0 =
1.81 eV, ωp = 2.0 eV, εh = 0.48 eV, εl = 2.29 eV, γ0p =
0.35 eV, γdp = 0.02 eV, T = 4 K, Γms = 0.1 and Vst = −2.3 V.
The other parameters are the same as in Fig. 3 (II).
C. Single molecule on insulating layer
In Refs. 29 and 30, STM-induced light emission from
a single molecule decoupled from substrate by insulating
NaCl layer was studied. It was found that the relative
tip-molecule position [tp(x)] modifies the emission spec-
trum significantly. Figure 4 (b) and (c) show the tip
position-dependent flux obtained from our theory, cor-
responding results from Refs. [29, 30]. In the case the
molecule and the tip are far apart [tp(x) = 0], the two
optical fields do not couple directly. Since the molecule
does not participate the electron tunneling process, the
molecular luminescence is not observed. Approaching
the tip to the molecule generates a nonzero tp(x) 6= 0,
the coupling of the molecular exciton and gap plasmon
mode opens the energy transfer channel between them.
A sharp dip [(b)] or peak [(c)] develops due to the Fano
interference. The interaction between the molecule exci-
ton and the gap plasmons can be tuned by varying the
tip position near molecule. This allows one to control the
hybridization of the two states. To provide a quantitative
description that can be compared with the experimental
data, we simulate the tip distance-dependent light spec-
tra by adjusting the tp(x) ranging from 0 to 15 meV,
all the main features of the experimental results are re-
produced by our theory, e.g., the dip/peak structure be-
comes more and more prominent as tp(x) increases. We
note that, although we consider only one exciton mode
in Fig. 4 (c), in the experiment, two peaks are observed
corresponding to transition dipoles along the two ligands
axes of H2Pc. The two dipoles are not degenerate due to
the breaking of four-fold rotational symmetry in H2Pc.
Encouraged by the good agreement between our re-
sults and the experimental data, we go one step further.
We study here the effect of the electronic coupling be-
tween the tip and the molecule on the spectrum. The
blue lines in Fig. 4 (b) and (c) show the evolution of the
spectrum with increasing electronic coupling while fixing
the other parameters. We can see that the contribution
from the molecular exciton becomes larger with stronger
tip-molecule coupling. The Fano dip in Fig. 4 (b) grad-
ually develops into an asymmetric peak, resembling the
case in Fig. 4 (a). These results show the importance of
electronic subsystem on the photon emission spectrum.
This has hitherto not been considered, and is beyond the
simple model in the SI. This prediction can be verified
in experiment by changing the vertical tip-molecule dis-
tance, which has used in related studies[13, 14].
IV. SUMMARY
In summary, we have developed a general theoretical
model based on NEGF to investigate the single molecule-
mediated light emission from a STM junction inspired by
the recent experiments. Three different regimes are high-
lighted to explain the experimental results. Our model
provides a clear description of the evolution of the spectra
line shapes with the STM tip position. Moreover, this ap-
proach can also be used to study the light emission from
other molecules such as DNA and RNA molecules, as the
mismatch of base-pairs can be distinguished by the emis-
sion spectra[44–46]. This provides a novel opportunity
to detect the gene mutation.
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Appendix A: Model and Hamiltonian
In our model as shown in Fig. 1(a), two extra ‘agents’ from the substrate (a2) and from the tip (a1) are introduced,
which couple to the substrate and the STM tip, respectively. In reality, each of them is part of the tip or the substrate.
They are introduced mainly to avoid direct coupling between the tip and substrate, which is convenient to apply the
nonequilibrium Green’s function (NEGF) theory. When the molecule is away from the tip, it couples only to the
substrate. When it is underneath or very near the tip, it couples to the tip and the substrate through the two agents.
The model Hamiltonian, consisting of the electronic reservoir, two photon fields and electron-photon interaction
terms, can be defined as
H = Hel +Hph +He−p, (A1)
where
Hel = Hb +Ha +Hm, (A2)
Hph = Hp0 +Hp1 +Hp01, (A3)
He−p = Hep0 +Hep1. (A4)
The Hamiltonian of the tip (t) and substrate (s) electrons is written as
Hb =
∑
kν=t,s
εkνc
†
kνckν , (A5)
where c†kν (ckν) creates (annihilates) an electron in the ν (tip or substrate) reservoir with momentum k and energy
εkν . Hamiltonian of the agents, including coupling to s and t, is
Ha =
∑
i=1,2
εaid
†
idi + (t12d
†
1d2 + h.c.) +
∑
kt
(
t1td
†
1ckt + h.c.
)
+
∑
ks
(
t2sd
†
2cks + h.c.
)
, (A6)
where d†i (di) creates (annihilates) an electron on the agent i = 1, 2 with energy εai , t12 is the tunnel coupling between
two agents, and t1t (t2s) is the agent-reservoir electron transfer coupling. Hamiltonian of the molecule is
Hm =
∑
i=h,l

εid†idi +
∑
j=1,2
(tijd
†
idj + h.c.) +
∑
ks
(
tisd
†
i cks + h.c.
) , (A7)
where d†i (di) creates (annihilates) an electron on the molecular orbital i = h, l with energy εi, tij is the tunnel
coupling between molecule and agent, and tis is the molecule-reservoir (substrate) electron transfer coupling.
The Hamiltonian for two photon fields are
Hp0 = h¯ω0
(
1
2
+ a†0a0
)
, (A8)
Hp1 = h¯ωp
(
1
2
+ a†pap
)
, (A9)
and
Hp01 = tp(x)a
†
pa0 + h.c., (A10)
6where a†0 (a0) and a
†
p (ap) create (annihilate) photons in the two photon fields. The term Hp01 is the coupling
Hamiltonian between the two photon fields, and the coupling parameter tp(x) depends on the distance x between the
tip and the molecule.
The interaction between the photon (plasmon) mode with the electronic system is described within the rotating
wave approximation [47]
Hep0 = m0(d
†
hdla
†
0 + d
†
l dha0), (A11)
Hep1 = mp(d
†
2d1a
†
p + d
†
1d2ap), (A12)
where m0 and mp are the coupling parameters of molecular exciton-photon and the agent-gap plasmon, respectively.
Appendix B: The NEGF method
The NEGF method [35–38] is a powerful tool to investigate the luminescence properties of the STM junction with
consideration of the electron-photon coupling. We first define the photon Green’s functions in the Keldysh contour
with time on the contour as τ
Dij(τ, τ
′) = −
i
h¯
〈Tt{ai(τ)a
†
j(τ
′)}〉. (B1)
In real time, six different components of the Green’s function can be defined as (set h¯ = 1)
Dtij(t, t
′) = −iθ(t− t′)〈ai(t)a
†
j(t
′)〉 − iθ(t′ − t)〈a†j(t
′)ai(t)〉,
Dt¯ij(t, t
′) = −iθ(t− t′)〈a†j(t
′)ai(t)〉 − iθ(t
′ − t)〈ai(t)a
†
j(t
′)〉,
D<ij(t, t
′) = −i〈a†j(t
′)ai(t)〉,
D>ij(t, t
′) = −i〈ai(t)a
†
j(t
′)〉,
Drij(t, t
′) = −iθ(t− t′)〈[ai(t), a
†
j(t
′)]〉,
Daij(t, t
′) = iθ(t′ − t)〈[ai(t), a
†
j(t
′)]〉.
(B2)
For our purpose, the most suitable functions are the D<,> and Dr,a. In general, Dr is linked to the response function
and D<,> is related to the light emission spectra, which can be obtained from the Dyson-Keldysh equations
Dr(ω) = Dr0(ω) +D
r
0(ω)Π
r
t (ω)D
r(ω),
D<(ω) = Dr(ω)Π<t (ω)D
a(ω).
(B3)
Without electron-photon interaction, the Green’s function Dr0 for the bare photon system can be solved exactly using
equation of motion method. Πt = Πel + Πev + Πd is the total photon self-energy, where Πel, Πev, and Πd account
for the interaction with electrons, non-radiative decay, and radiative decay, respectively. We consider wide-band
environment and detector, such that Πev and Πd can be expressed as
Πrev(ω) = −
i
2
diag{γ0e, γpe},
Πrd(ω) = −
i
2
diag{γd0, γdp},
(B4)
and
Π<ev,de(ω) = f
b(ω)[Πrev,de(ω)−Π
a
ev,de(ω)]. (B5)
Here, γ0e (γpe) and γd0 (γdp) are the radiative and non-radiative dissipation rate of molecular exciton (gap plasmon)
due to coupling to the environment and the detector, respectively, f b(ω) = [eω/kBT − 1]−1 is the Bose-Einstein
distribution function with the temperature T . Based on standard SCBA, the self-energies due to electron-photon
interaction are given by
Πrel,mn(ω) = −i
∑
ijkl
Mmij
∫
dε
2π
[Grli(ε)G
<
jk(ε− ω) +G
<
li (ε)G
a
jk(ε− ω)]M
n
kl,
Π<el,mn(ω) = −i
∑
ijkl
Mmij
∫
dε
2π
G<li (ε)G
>
jk(ε− ω)M
n
kl.
(B6)
7Similarly, we can define the Green’s function for electrons
Gij(τ, τ
′) = −i〈Tt{di(τ)d
†
j(τ
′)}〉. (B7)
In the energy space, the retarded and lesser Green’s functions can be calculated from Dyson-Keldysh equations
Gr(ε) = Gr0(ε) +G
r
0(ε)Σ
r
ep(ε)G
r(ε),
G<(ε) = Gr(ε)[Σ<ep(ε) + Σ
<
0 (ε)]G
a(ε),
(B8)
where G0 is the Green’s function for electronic system without electron-photon interaction, and Σ0 = Σa−t +Σa−s +
Σm−s is the electronic self-energy describing the coupling to the tip (Σa−t) and substrate (Σa−s,Σm−s), respectively.
Using the wide-band approximation for the tip and substrate electrodes, we have
Σra−t(ε) = −
i
2
diag{Γa1, 0, 0, 0},
Σra−s(ε) = −
i
2
diag{0, 0, 0,Γa2},
Σrm−s(ε) = −
i
2
diag{0,Γls,Γhs, 0},
(B9)
and
Σ<a−t(ε) = −f
e
t (ε)[Σ
r
a−t(ε)− Σ
a
a−t(ε)],
Σ<a,m−s(ε) = −f
e
s (ε)[Σ
r
a,m−s(ε)− Σ
a
a,m−s(ε)],
(B10)
where Γai(=1,2), and Γi(=l,h)s are the linewidth functions, f
e
ν (ε) = [1 + e
(ε−µν)/kBT ]−1 is the Fermi-Dirac distribution
function for the electrode ν = t, s with the chemical potential µν and the temperature T , µs − µt = eVst is the
tip-substrate voltage drop. The self-energies (Σr,<ep ) due to electron-photon coupling are given within SCBA
Σrep,mn(ε) = −i
∑
ijkl
M imnD
r
0,ij(ω = 0)M
j
kl
∫
dε
2π
G<lk(ε)
+ i
∑
ijkl
Mkmi
∫
dω
2π
[Grij(ε− ω)D
<
kl +G
<
ij(ε− ω)D
r
kl +G
r
ij(ε− ω)D
r
kl]M
l
jn,
Σ<ep,mn(ε) = i
∑
ijkl
Mkmi
∫
dω
2π
G<ij(ε− ω)D
<
kl(ω)M
l
jn.
(B11)
The interaction matrix M describes molecule (agent)-photon field coupling, which can be divided into two types
of contributions: (a) m0d
†
idja
†
0 (i, j = h, l, i 6= j) in Eq. (A11) describe excitation and de-excitation between two
molecular orbits, and (b) mpd
†
idja
†
p (i, j = 1, 2, i 6= j) in Eq. (A12) describe transitions between two electronic states
of the agents that couple to the plasmon field.
Following the standard procedure[37, 38, 48], the energy flux of photon can be expressed as
Jαph =
∫
dω
2π
ωTr[Π<α (ω)D
>(ω)−Π>α (ω)D
<(ω)], α = el, ev, d. (B12)
As expected, the conservation of energy Jelph+J
ev
ph+J
d
ph = 0 is satisfied in steady state within SCBA. For characterizing
the luminescence properties of a STM junction, we may define the flux probed by the detector by let α = d.
In the lowest order approximation to the electron-photon coupling, we can replacing D> and D< in Eq. (B12)
using D>0 and D
<
0 . After the replacement, we can see that: (1) the energy spectrum goes into the photonic system
is determined by both the electronic and the photonic system through Πe and D0, respectively. The Fano effect is
reflected in the photonic system D0, especially the gap plasmons, as analyzed in Appendix C.
Appendix C: The formula for Fano resonance
To obtain a standard formula of Fano resonance, we consider a simple model to describe the coupling between the
molecular exciton and the gap plasmon [see Fig. 1(b)], in which the photon transport due to molecular exciton is
regarded as a scatter[49, 50]. Then the correction to the Green’s function for gap plasmon reads
Drp = D
0,r
p +D
0,r
p Π
r
p−mD
r
p. (C1)
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FIG. C1. The gray lines represent spectral density ρp(ω) of gap plasmon with ∆p0 = 0.03 eV. The blue short dotted lines are
the fitting curves for the Fano line shape with Eq. (C10). The fitting parameters [γt, ωt, γ0, q] are [0.0493, 1.905, -0.0009,
0.3397] eV, [0.0935, 1.905, -0.001, 0.3411] eV and [0.1367, 1.905, -0.0012, 0.3431] eV for tp(x)=4meV, 6meV and 8meV. The
other parameters are the same as in Fig. 3(II) in main text.
Drp (D
0,r
p ) is the retarded Green’s function of gap plasmon with (without) interaction, which can be expressed in the
form of T-matrix by iterating
Drp = D
0,r
p +D
0,r
p Tp−mD
0,r
p , (C2)
where
Tp−m =
Πrp−m
1−Πrp−mD
0,r
p
,Πrp−m =
Tp−m
1 + Tp−mD
0,r
p
. (C3)
Πrp−m represents retarded self-energy due to the coupling between gap plasmon and molecular exciton. For non-
interacting photons, the expression for T-matrix obtained by equation of motion takes the form
Tp−m = tp(x)D
r
mt
∗
p(x), (C4)
where Drm is the retarded Green’s function of the molecular exciton.
By using the definition of the spectral density of the gap plasmon with and without interaction: ρp(ω) = −ℑD
r
p(ω)/π
and ρ0p(ω) = −ℑD
0,r
p (ω)/π, and taking the imaginary part of Eq. (C2)
ρp(ω) = ρ
0
p + ρ
0
p(ω)ℑD
0,r
p (ω)[ℑTp−m(ω)(q
2 − 1)− 2qℜTp−m(ω)], (C5)
where we have defined
q = −
ℜD0,rp (ω)
ℑD0,rp (ω)
=
Q
γ
. (C6)
Here, q is the Fano-factor, Q = t2p(x)ℜD
0,r
p and γ = πtp(x)
2ρ0p(ω). In the noninteracting case, the D
r
m can be written
as
Drm =
1
ω − ω0 −Q+ iγ + iγdr
. (C7)
γdr represents the coupling with the electronic system, the environment and the detector. So, the Tp−m takes the
form
Tp−m =
tp(x)t
∗
p(x)
ω − ω0 −Q+ iγ + iγdr
. (C8)
9We introduce the ǫ = (ω − ω0 −Q)/(γ + γdr), then Tp−m can be expressed as
Tp−m = tp(x)t
∗
p(x)
ǫ(γ + γdr)− i(γ + γdr)
ǫ2(γ + γdr)2 + (γ + γdr)2
. (C9)
Substituting the expression of ℑD0,rp and Tp−m into ρp(ω), we get
ρp(ω) = ρ
0
p(ω) + γt[ρ
0
p(ω)]
2 q
2 + 2qǫ− 1
ǫ2 + 1
, (C10)
with γt = πtp(x)t
∗
p(x)/γ0, γ0 = γ + γdr, ǫ = (ω − ωt)/γ0 and ωt = ω0 +Q. Here, (q
2 + 2qǫ− 1)/(ǫ2 + 1) indicates the
spectral density of the gap plasmon has a Fano profile determined by the parameter q. Note that γt characterizes the
effective coupling strength of the gap plasmon with the molecular exciton.
To demonstrate the Fano resonance is an universal phenomenon in the single molecule-based STML experiments,
we can fit the numerical results of the spectral density of gap plasmon with the formula in Eq. (C10). The results of
the fitting are shown in Fig. C1 (see the blue dotted lines). It is found that the Fano resonance can well describe the
gap plasmon spectral density, which implies that the asymmetric line shape with a dip in the light spectra originates
from the Fano resonance between the molecular exciton and gap plasmon with different lifetimes. Moreover, the Fano
line shape becomes prominent as the tp(x) increases as well as the corresponding fitting parameter γt. Therefore, one
can use the Eq. (C10) to fit and predict the light emission spectra in the single molecule-based STML experiments.
On the other hand, Eq. (C10) can be expressed as a more frequently used form to fit the experimental result
ρp(ω) = ρ
0
p(ω)F (ǫ), (C11)
where F (ǫ) = (ǫ+ q)2/(ǫ2 + 1) is Fano function.
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